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ABSTRACT

Tt,c nl]alytlcal support in 1985 for Cylindrical Core
Test Fi+cility (~F), Slab Core Test Facility (KIT), and
Upper Plenum Test Facility (UPTF) tests involves the postttst
anulysis of 16 tcsls thiit hiivc ulreudy been run in the (ml’
and the S(7fl: and the pretest analysis of 3 tests to he
pcrf’.rmcd in the UPTF. Posttcst analysis is used to provide
insight into the detuil:d thermal-hyclrtiulic phcnomcnfi
recurring during the refill nncl reflood tests performed in
(lT1’ and .S(T’. Prct-st anulysis is used to ensure that the
test futility is operated In u munncr conRistcnt with the
expected bchuvior of an operating full-scale plant during an
uccidcnt. To obtain expected bc, avior of u plunt during an
ucclcicnt, t W(} plunt l[)sk-ol’-ct~olunt- uccidcnt ( L(X:A )
culculut ions were pcrformrd: u 2(MM cold-leg-break L(XA
culculut ion for u 2772 MW 13uhcock and Wilcox plant and u
2(NN cold- lcg-hrcuk L&’A calculation for tI 3.715 MWt
Ucstillghousc plunt. I)ctui led rc~ults will be presented for
$cvcrul (TV’1” UP] tests ~nd the Wcstinghou~c plant anulysis,

‘Work pcrl’(lrmccl under the uu~piccs [)1’ the US Nuclcnr Regulatory (commission



1NTRODUCTION

The 2D/3D Program is a multinational (Germany, Japan, and the United
States) experimental and ana~ytical nuclear reactor safety research program.
Its main purpose is the investigation of multidimensional thermal-hydraulic
behavior in large-scale experimental test facilities having hardware proto-
typic~l of pressurized water reactors (PWRS). The Japanese are operating two
large-scale test facilities as part of this program: the Cylindrical Core Test
Facility (CCTl), which completed its testing program this year, and the Slab
~ Ire Test Facility (sCTF), which will begin its third phase of testing in 1986.
The CCTF is a 2000-e lectrica lly-heated-rod, cylindrical-core, four-loop facility
with active steam generators primarily used for investigating integral system
reflood behavior, The SCTF is a 2000-e lectrica lly-heated-rod, slab-core (one
fuel assembly wide, eight across, and full height). separate-effects reflood
f--i lity. Both facilities have prototypical power-to-volume ratios preserving
f-l-scale elevations, and both are nluch larger than any existing facilities in
the United States. The German contribution to the program is the Upper Plenum
Test Facility (UPTF) in Miinnheim, West Germany, a full-scale facility with
vessel, four loops, and a steam-water core simulator. All these facilities have
more instruments than any other existing facilities: each has more than 1500
conventional instrumentation data channels, alone. As its contribution to the
program, the United States is providing advanced two-phase flow instrumentation
and analytical support.

The Los Alamos National Laboratory is the prime contractor to the US
Nuclear Regulatory Commission (NRC) in the latter activity. The main analytical
tool in this program is the Transient Reactor Ana!ysis Code (TRAC), a
best-estimate, multidimensional, noncquil ibrium, thermal-hydraulics computer.
code developed for the US NRC at Los Alamos. Through code predictions of
experimental results and calculations of PWR transients, TRAC provides
analytical couplin~ among the facilities and extends the results to predict
actuul PWli behtivior.

During FY 1985. TRAC-PFl/KDl analyses were completed for seven HF-11
experiments, Predictions of upper-plenum injection (UPI) tests 57, 72, 76, and
78 demonstrated that TRAC can predict correctly when UPI flows enhance core
cooling anti when they contribute to steam binding and degraded core cooling. In
addition, TRAC WLIS USCd to unulyze nine S(TT experiments: the base case for
Core-l] (Run 604), the flat power and initiul rod temperature profile (Run 6(J5),
the steep power und initi~l rod temperature ~rofilc (liutI 611), the FLECHT-SET
coupling test (Null 6]3), the best-cstimutc buse case (Run 614), the
separate-effects countercurrent flow-limiting (CC1’L) tests (Runs 600 and 610),
and others. The an:!lyscs of these tests demonstrated that in genera i
TRAC-Pl’l/kKNll accur:’tc ’y slmulatcs the refluwl thermti l-hydraulic beha’~ior of the
Scw trstsc

In support of th? [IPTI’, three pretest predictions were performed with
TRAC-Pl:l/kKNll: downcomcr scpurute-clfccts nnalyscs, a German PWR base case
analysis, nnd u hot-let smull-break test ana)ysis. From the~e analyses, initial
and boundury conditlon~ for the tcut?i cun be determined to en~ure proper
opcrnt ion of the test futility,

A fine-node 2(NM cold-leg-break loss-of-ccmlant-acc ident (LOCA) calcu-
lation of U ihb :Ick and Wilcox (IIAW) 2772 hh’t PWI?, assuming licensing-type
boundury and initial condition~l was completed, This calculation prcdictcd a
peak cladding tempcruturc (lY-T) of 99S !; to occur in the avsrage rod during
blowdcnm.



In addition, a fine-node 20~ cold-leg break LOCA calculation of a
Westinghouse 3315 MW

I
PWR, assuming licensir,g-type boundary and initial

conditions, was COIIIP etcd. This calculation predictrd a PCT of 897 K to occur
in the average rod during blowdown.

h14JOR PHENOMENA DURI1’Ki A LARGE BREAK LOCA IN A UPI PLANT

For a Westinghouse two-loop PWR with a 2003 cold-leg break, the sequence
of events may vary slightly from plant to plant because of geometry differences
and operating assumptions: however, a “typical” sequence of events c~n be
specified (Ref. 1) and is given in Table 1.

The blowdown transient is typically less than 20 s, because of the large
break area to primary-fluid-volume ratio. During thr blowdown transient as the
core voids, the core heats up significantly. LOFT experiments and TRAC
calculations indicate that the heating during blowdown is terminated when
choked-flclw conditions at the break restrict the outflow and allow the remaining
fluid in the intact cold legs and downcomcr to reflood ‘the core partially. The
extent of this core recovery during blowdown is dependent upon the number of
intact loops, whether or not the reactor-coolant system (RCS) pumps are tripped,
and upon the subcooling in the lower plenum and upper head.

For the “typical” sequence of events given in Table 1, the refill period

is between 18 and 28 s. During the refill period, the core will heat up until
core recovery begins. The degree of heating during refill is dependent upon the
amount of stored energy retained in the core at the end of b!nwdown, core
level,

powc r
and core steam-flow rates. Most of the accumulator flow injected ‘nto

the cold legs bypasses the downcomcr and lower plenum and exits the break during
blowdown. However, duling refill, most of the accumulator flow in the intact
loops ends up in the downcomer and lower plenum. For the “typical” sequence of

events given in Table i, both accumulators are empty at the end of the refill
ph~se of the transient.

TABLK I

TYPICAL IWENT SEQIIEPH FOR A 20Wk COLD-LNi BRIIAK
IN A WESTINGHOUSE ‘IWO-L(X)P PWR

IIvcnt Times(s)

2(dYl cold !eg break
Iieuctor ~crum & feedwutcr trip
Iligh-pressure injection
Accumulator check VUIVCS open:

Loop A (Intuctl
Loop R (llrokcn)

Low-prc~surc injection
Prcssur]zcr empty
End of blowdown
Accumulators empty:

Loop A (Intuctl
Loop 11 (llrokcn)
Ileglnning t)f rcl’lo(ul
[’err quenched

(). ()
(),1-11()
1.()

6,()-7,()
3.()

1310
15,()
18,()

28, ()
25. ()

2R,()
,’Ii)(). [)-soo, ” ()



Of most interest in UPI plants is the reflood phase of the transient, when
the water level in the lower p!enum reaches the bottom of the core. During
reflood, the low-pressure injection (LP1) flow is injected into the upper
plenum. TYpictil LPI flow rate assuming single failure, is ’120 kgls. The

high-pressure injection (HP]) flow into the cold leg is at a rate of ’19 kgls.
During the later stages of refill and the early stages of reflood, the UPI water
entering the upper plenum forms a pool in the upper plenum. Small-scale
elpcrimcnts3’4 and large-scale expcrirnentss indicate that subcooled CCFL
breakdown requires penetration of subcooled water into the core. Once subcooled
water penetrates the core, the steam flow upward is reduced because of
condensation and more subcooled water is allowed into the core, which results in
more condensation. This is the procecs that initiates the dumping of UPI water
from the upper plenum into the core region. The rods below this region of
UPI-water dumping begin to quench, producing additional steam. Tbe steam can
either flow up and interact with the subcooled water falling back into tbe core
or it can flow radially over and then up. The latter case is illustrated i~!
Fig. 1.

For the case in which the steam flows radially out and then up, the
low-power bundles in that region of the core will quench much earlier than the
rest of the core, which then allows dumping of the UPI water directly into the
pool of water that is quenching the core from the bottom.

If the additional steam produced from quenching bundles directly below UPI
nozzles flows up and interacts with the UP] water falling into the core, then
dumping in that region of core will be stopped. Once dumping is stopped, then
steam production is reduced and subcooled water begins to penetrate again and
the cyc!c repeats. Therefore. the difference between the two cases is that one
results in continuous dumping of (ECC) water from the upper plenum into the
core, while the other results in intermittent dumping. The continuous-dumping
case tends to result in lower P(Ts and faster core quenches. Calculations and
data tend to support the continuous dumping case, if sufficient subcooling is
available in the upper plenum. It should be noted that even if the core radial
power profile is flat, dumping in the outer bundles still occurs, since the
largest amount of subcoo]ing of the UP] water will dtill be directly below the
UPI nozzles. The UPI water interacts very quickly with the upper plenum
structure und tends to fall to the upper core support plate (UCSP) and to fnrm a
pcol.

The outer bundles directly under the region of the core dumping will
quench in 100 to 200” s. The rest of the core will quench i n 300” to 500 s
depending upon ccre -stored energy and E(X flows and temperatures.

UPI Test ~(~”fl’)- ——

I!xpcrimcntul dutu from the Japuncsc Atomic l~ncrg~ Research IIlstitutc
(JAKR1) (YTF UPI tests listed In Table 11 and the TRAC analyses of these tests
showed the following phenomena to be significant.

1. Pooling in the upper plenum.
2. !hbcooling in the upper plenum.
3. . Entrainment of water from the upper plenum into the hot legs.
4* Ilumping or rhunneling of wutcr in the low-power region or the core.
s. . (hndtnsution in the upper plenum.

In the Run 57 experiment Und in the posttcst calculation, e significant

core hctiting wn~ ohsrrved ufter kglnning of core recovery (lWCRtX). As thi~
WII% u high-power, tlig!-stt~red-energy c~perimcnt, thik heating wa~ expected. In
the culculut ion, Nignif “cant urnounts of wutcr were entrained into the hot legs
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Run #
Description
al,d Co-ents

Po~r
Level

57

59

72

76

Illgh Power, High CL ECC
Fhu, ‘au UPI Flow,

High Stcred Energy

Single Failure EPI,
l?ighStored Ener&y

No Failure UPI,

High Stored Energy

As~tric Injection
High Stored Energy

78 Refill-BE-Reflood,
bw Stored Energy

TABLE 11

UPI TEST ANALYZED WITH TR::

(;02*ANS

+ Actinides)
@ 3(J s after
scram

(1.03*ANS
+ ActinMes)
@ JO s after

acrau

(ANS +
&tinides)
@ 30 s after
scrzm

1.07 ● 1.02
* (ANS + 1.1

* Actlnides)
@ 30 s after
scram

1.02 (ANs +
htinides)
@ 40 s after
scrzm

ECC FLOWS———

UPI PCT at PCT

CL UPI Flow Split l?VREC (k) (K)—— —— .

3/4 (ACC 3/8 LPC1’ 1.;./1.0 1085 1242
+ l@HPcI)

3/4 (ACC
+ HPCI)

3/4 (ACC

+ HPCI)

3/4 (ACC
+ HPCI)

3/4 (ACC
+ IIPcI)

1/2 LPCI

Full LPCI

1.6/1.0 1074

L.O/l.O 1(J57

1/2 LPC1 0.0/1.0 1073

1/2 LPCI 0.0/1.0 692

1110

1070

I1O(I

722



from the upper pl~num. As the water flashed in the steam generator tubes, the
resulting pressure increase in the steam generator caused the core quench front
propagation to slow down. In the experiment, the power in the high power
bundles was tripped at 200 s to protect the electrical rods from damage. The
calculation at this point was stopped. Both the calculation and the data
indicate that UPI water was penetrating into the core. However, in comparison
to the data, TRAC predicted too much steam and entrained UPl water flowing into
the hot legs. It is anticipated that a higher UPI fJow with more condensation
in the upper plenum would have reduced the steam flow and entrained UP] water
intc the hot legs; an earlier turnaround of the rod temperatures would have been
the result,

For Ruil 59 the UPI flow rate was increased and the core power level was
decreased compared to Run 57. With the higher UPI fJow, more condensation
occurred in the upper plenum, resulting in Jess stsam fJow and fewer entrained
droplets into the hot legs. Both the TllAC caJculation7 and the experimental
aata indicate lower P(3s for Run 59 as compared to Run 57.

For Run 72, the UPI was increased again, and the power and stored energy
were reduced slightJy as compared to Run 59. In Run 72, significant channeling
was observed in both the experiment and the calculations This channcJing or
dumping of ECCS water occurred in the low-power region of the core and was
observed to occur on onJy one side of the core underneath one of the injection
nozzJes, even though the UPI fJow is the same in both UP] nozzles.

Input errors were found in the original TRAC calculation for Run 72;
therefore, the calculation is being repeated with the errors corrected. The
repeat caJcuJat ion is in progress and preliminary results are availabJe. In
Fig, 2, TRAC resuJts are compared with experimental data for the high-power
regio~j of the core. TRAC is ovcrpredicting the PCT by ’70 K because of core
heating that was calculated by TRAC to occur from 120 to 200 s, This core
heating was not observed in the data. The difference may be caused by TRAC’S
overestimating the amount of UPI water entrained into the hot legs; however, it
is still being investigated at this time. l:or the rest of the transient, the
comparison is quite good and the overall trends are being predicted, As
illustrated in Figs. 3 and 4, dumping wus correctly predict~d by TRAC. Rods 9
and 12 tire TRAC-simulated rods in the low-power region of the C(TF core. As
illustrated in Fig. 3, neither TRAC nor the data indicate significant dumping in
the region around rod 12, In Fig. 4, TRAC and the data both indicate
significant dumping in the region around rod 9. It should be noted that the
TRAC rod 9 simulates all of the rods in CX71: bundles 5, 6, 7, and 8; therefore,
exact comparison with a single meusuremcnl is not expected,

For Run 76, the initiul stored energy und transient power level were both
increased as compared to Run 72. The UP1 flow wus reduced, In Run 76, only one
Injection nozzle was used: therefore, asymmetric quenching was expected, Again,
both in the dtita o nd in the TRA(: caJculai ion, channeling and dumping of FCC
wutcr were observed. Cornpurisons to TRA(: for Run 76 urc i] Justratcd in Figs. 5
and 6. TRAC ovcrprcdicted the lTIT by ’100 K und culcultited heating in the upper
p(~rtion of the rods thut wus not observed in the dutu. ovcrprcdiction of the
entrainment of’ UP1 water Into the hot leg as wus mentioned for Run 72 and
ovcrprcdict ion of the boi]off of water in the downcomcr arr t Wo explanations
currently being considered.

FOr the UP] transients, negative cOrc inlet flow is established at or soon
uftcr II(KIW”. The wuter flowing out th~ bottom of’ the cnrc is stituratcd liquid
or u low void fruct ion I]ubbly mixture. This snturutcd liquid mixes with the
cold wuter in the downcorncr und lower plenum, cuusing u temperature rise. Wil1I
neat trunsfcr from the h[~t vec:~el WUIIN UIHU contributes to the heating of the
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Fig. 4.
TRAC comparison to rod temperatures in the low-power region
of the CO;C where dumping occurs for Run 72.
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Fig. 6.
TRAC comparison to rod temperriturc data in the low-power

regio~ of the core for Run 76.



fluid. TRAC, in all the UP] calculations, tends to overpredict this heating and
subsequent boiling of fluid in the downcorner.

Channeling of the UPI flow into the core was observed in both the
experiment and the data. As shown in Fig. 6, core assembly 8 experiences a very
early quench. This assembly is located very near the injection point. Nrarby
assemblies 6 and 7 do not exhibit such a strong effect and quench somewhat
later. The TRAC calculation for this region shows a somewhat average behavior
of the data.

For Run 78, both the power and the core initial stored energy were
reduced, In addition, the radial power distribution was flat in Run 78 as
opposed to the steep radial power profile in Run 76. However, the UP] rate was
the same. Figures 7 and 8 illustrate that TRAC did a good job of predicting the
overall PCT and the channeling in the outer bundles, although TRAC-calculated
quench occurs too early. This is believed to be caused by TRAC’S allowing too
much UPI water to fall back int~ the core. This is consistent with comparison
of TRAC to small-scale CCFL data.s At low steam-flow rates, TRAC tends to let
too much water fall down as compared with the data.

Westinghouse 3315 MWt_Plant Analysis

The TRAC model uses 950 cells to model a Westinghouse 3315 Ml/t plant with
15 x 15 i’uel -rod assemblies, All the loop components such as th? hot leg, steam
generator, loop seal, circulating pump, cold leg, and emergency core-cooling
syst~m (ECCX) were modeled as physically complete as possible. A schematic of
the vessel component is shown in Fig, 9, The vessel has been subdivided into 17
axial levels, 4 radial rings, and 8 azimuthal sectors for a total of 544
hydrodynamic cells, The core region consists of the two inner radial rings and
the five axial levels extending between levelE 4 to 9. The barrel baffle region
extends from level~ 4 to 10 and occupies the third radial ring within these
levels, The fourth radial ring represents the downcomer region from levels 3 to
15, At the top of level IS In the fourth radial ring and ~n each azimuthal
sector are open flow area passages that model the upper head spray nozzleti.
Flow paths betwe?n the upper he~d and upper plenum wtre represented at the top
of level 15 end in the three inner rings by modeling the appropriate reduced
flow areu and flow losses to simulate the flow through the control-rod
penetrationti in the upper support plate.

This PWR anuly~is simulates n 20()’1 guillotine break of a cold leg between
the cold-leg nozzle and the KC injection port immediately outside of the
biological shield, EW flow~ were bused on the single failure assumptions,
Accumulators contained the minimum volume ul lowed, and the core power was 2%
over the design limit, The core-power peuking was based on beginning of life:
however, the power-decay curve assumed an infinite operating period,

The maximum overuge rod temperature i~ shown in Fig, lo. At the beginning
of the hlowdown phu~e the core voidx rupidly and the fuel rod cladding heats up
quickly, Thr K-T occurs during this curly portion of the b]owdown, However, us
can be seen from Fig, 11, th? core fill~ to ‘7S% full within the fir~t 10 N
after the first dryout. This is because thr core rlow turns poxitive a~ the
three intact loop flows exceed the two-pha~r choked flow out the broken loop,
This positive flow into the core from the lower plenum terminate~ the early
heating of the fuel rod cludding, As the blowdown transicntti continue, the core
drie~ out aguin; however, ~teum flow rate~ through the core nre high enough Nuch
thut no signifl~ant heut up occurs until rcfi]] begin~ at about k5 N,

At the end o!’ hlowdown and at the beginning of rclill steam I’lowti through
the core are insufficient to cool the core; thcrcfort, heating occurti again from
about 20 to 4(1 ~, Thi~ xecond period of core heating Iri terminated by the
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BOCREC that occurs at -.39 s. A very rapid core cooldown occurs from ’45 to -55
s as the intact accumulators empty and nitrogen gas from the accumulators enters
the cold legs and top of ths downcomer. This nitrogen gas has the effect of
reducing the condensation rate in the intact cold legs and pressurizing the
intact cold legs and downcomer. As can be seen from Fig. 11, this results in a
core refill to -70% liquid full just before 50 s.

From -55 s to -170 s, the core slowly cools and quenches with no other
significant heating in the average rods. Late in the reflood transient,
manometer-l!ke oscillations between the downcomer and core occur (Figs. 11-12);
however, the core continues to cool.

CONCLUSIONS

Both the TRAC calculations and the CCTF UIJI experimental data indicated
channeling of KC water from the upper plenum into the core, The experimental
datu indicated asymmetric behavior in the core and upper plenum, even when the
power profi le was flat or when UPI flows were symmetric; therefore,
multidimensional analys]s capability was required to simulate the test behavior
accurately, TRAC cclrrectly predicted when UP] flows enhance core cooling and
when they contribute to steam binding and degraded core cooling, TRAC tended to
overpredict the stetim binding effect at high power and overpredict the water
fallhack rate at low power.

The Los Alarnos analysis effort is fur,ctioning as a vital part of the 2D/3D
Programt Results from this progr~m huve ~lready addressed, and will continue to
address, key licensing issues including scaling, multidimensional effects,
downcomsr bypass and ref]ll, reflood steam binding, core b!ockage, alternate
Eccs, und code usscssment. The CCTF analyses have demonstrated that
TRA~-PJ:l/hK)Dl can correctly predict f!)U]tlUJlllCnS~C)nUl$ nonequilibrium behavior in
lurge-sctile fticil ities prototyplcu] of actutil PWRS, Through these and future
TFA(” onalvses, the experimental findings con be related from facility to
filcilit’j: more importdnt, the results of this mu~t inat ional research program cun
be related directly to licensing concerns tiffecting actuul PWRS,



.

u

Fig, 12.
Downcomcr Jiquid volume fraction,



REFERENCES

1.

2,

3.

4.

5.

b.

7.

8,

9,

D. Dobranich and L. D. Buxton, “Large BIcak LOCA Ana!yses for Two-Loop
PWRS with Upper Plenum Inject ion,” Sanditi National Liiboratory report
SAND84-0040, NUREG/CR-3639, Miiy 1984.

T. D. Knight, “TRAC-PD2 independent Assessment, ” Los Alamos Naional
Laboraty rcpcrt LA-10166-MS, NUREG/CR-3866. December 1984.

D. D. Jones, “Subcoolcd Counter-Current Ylow Limiting Characteristics
of the Upper Region of a FIWRFueI Bundle, ” General Flectric Company
report NEDG-NUREG-23549, July 1977.

S. G. Bankoff et al., “Countercurrent Flow of Air/Water and Steam/Water
Through Horizontal Perforated Plate,” !n~. J. i-lest Mass Transfer,
vol. 24, No, 8, pp. 1381-1395, 1981.

J. A. Findlay, “BWRoRefil l-Reflood Program Task 4.4-CCFL/Kefill System
Dffects Tests (30 Sector) }va]uation of ?ara]]e] Channel phenomena, ”
General Electric Company report GEAP-22d~4, NURE(J/CR-2566, November
1982,

J. b’. Spore ct al., “TRAC-PFl/MODl Calculation of CCTF Core-i] UPI Test
Run 57,” Los Alamos National Laboratory, Safety Code Development (Q-9)
technical note LA-2D/3D-TN-85-11 (to he published).

Michael W, Cappicl lo, “CCTF Run 59 TRA(;-PFl/h031 Analysis, ” Los Alflmos
National Laboratory, Snfcty (-ode Dcvclopm.cnt ‘Q-q) technical flotc’
LA-2D/3D-TN-85-1, Junuary 1985.

Michael W, Cuppicl]o, “CCTI: Run 72 TNAC-PF1/MOD1 Analysis, ” Los Alamos
Niltioni\l Laboratory, Sufcty (lJde Dcvcloprnent (Q-9) technicul note
1.A-2D/311-TN-85-12 (to be p~blishcd).

Michael W, Cappicl lo, “Assessment of thu Al,nulur Mist Interface Zhcar
in l’RAC-PFl/hKMll Aguinst Downcomcr Bypass and J~e-Plate Fiooding Data,”
ASMI;, 84-WA/llT-84i


